Abstract-A numerical investigation of an oscillating hydrofoil with unequal plunging/pitching frequency is conducted by solving unsteady Navier-Stokes equations. Studies are performed for the impact of different frequency ratio on the wake structure and propulsion parameters over a wide range of plunging amplitude, pitching amplitude and oscillating reduced frequency. Results show that, for pitching oscillates at twice frequency as plunging, there exists a critical St , less than which the thrust coefficient ( ) is larger than that of equal plunging/pitching oscillation. However, beyond this , a reduced is obtained compared to equal frequency. The lift induced by unequal oscillating and power consumption are always larger than that of equal motion. 
Abstract-A numerical investigation of an oscillating hydrofoil with unequal plunging/pitching frequency is conducted by solving unsteady Navier-Stokes equations. Studies are performed for the impact of different frequency ratio on the wake structure and propulsion parameters over a wide range of plunging amplitude, pitching amplitude and oscillating reduced frequency. Results show that, for pitching oscillates at twice frequency as plunging, there exists a critical St , less than which the thrust coefficient ( ) is larger than that of equal plunging/pitching oscillation. However, beyond this , a reduced is obtained compared to equal frequency. The lift induced by unequal oscillating and power consumption are always larger than that of equal motion. The oscillation of coupled pitching and plunging hydrofoil imitates the propulsion mechanism of flying bird and swimming fish. Numerous experimental and numerical studies have investigated the flows around an oscillating foil [1] [2] [3] [4] . Previous investigations showed that the oscillation frequency plays a significant role on the propulsion performance. At present, most investigations have been focused on the equal frequency of plunging and pitching motions which is the typical case in flapping airfoil aerodynamics and biological application. The only research on an oscillating airfoil with unequal pitching/plunging frequency was performed recently by Webb et al. [5] . As pointed out by the authors, the motivation for doing such study is to examine the massive vortex shedding associated with the considerable variation of effective angle of attack caused by unequal frequencies. Both computation and experiment were conducted for a SD7003 oscillating airfoil with pitching frequency being twice of the plunging frequency. Authors found that the computed force coefficients show strong periodicity while the vortex field does not. Their computed vortex contours at Re=300 are agreeable with experimental flow visualization results at Re=10 4 in the initial two periods after the oscillation startup but deviates from experiment afterwards. Although some qualitative insight has been shed by their study, many questions are still needed to be addressed such as the linkage between wake structure and force generated, and how the propulsion force and efficiency are affected by the frequency ratio of pitching to plunging ( γ in Eq. (3)). Some other issues include how the γ effect is related to the frequency value ( h ω in Eq. (1)) which is believed to be crucial in propulsion performance. The objective of present study is to numerically examine the flow structure and propulsion performance of a NACA0012 hydrofoil undergoing a coupled plunging and pitching motion with a series of different h ω and two γ .
II. COMPUTATIONAL METHOD
A. Numerical Methods The unsteady viscous flow around an oscillating hydrofoil is modeled by solving the unsteady NavierStokes equations using a compressible solver at a low free-stream Mach number. The code is based on finite volume method with multi-block and multigrid features. A central-difference scheme with a blend of second-and fourth-order artificial dissipation is used with dual time stepping method for unsteady problems. The code has been extensively validated for modeling flapping foil either for thrust generation or energy extraction [6] [7] [8] . The predicted instant force, timeaverage force, thrust coefficient, efficiency and vortex structure are in good agreement with other published data from both the experiment and numerical modeling. All computations in this study are conducted at freestream Mach number of . The present computations are based on a two-dimensional modeling due to the computational time limitation. The authors believe that some fundamental mechanism observed here will be definitely vital to our understanding for the effect of unequal frequency on the realistic flapping flows.
Ma =
A C-type mesh is used for the computation as shown in Fig.1 . Grid dependence tests have been performed on three different grids consisting 256x64, 512x128, and 1024x256 grid points, respectively. Computed instant force coefficient distributions on the three grids (not shown here) indicate that the results on the medium grid almost coincide with those on the fine grid. Therefore, the results on the 512x128 grid will be shown below. 
B. Oscillating Foil Parameters and Forces
The combined sinusoidal motion of plunging and pitching airfoil is defined in Fig.2 and expressed as:
Where and 
The effective angle of attack is the combination of plunging induced angle ( ) h t α and pitch angle ( ) t θ : The reduced frequency is defined based on plunging frequency as:
Where f h is the plunging frequency, U is the far-stream velocity and c is the chord length.
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The Strouhal number is defined as
The force that acts on the foil is decomposed into x direction component and y direction component . The time-average force in the x and y directions are given by
Where T is the time period. The time-mean thrust coefficient is defined by
The total input power for oscillating motion is obtained by
where is the pitching moment.
and the propulsion efficiency η is defined as A. Wake Pattern In this section, we discuss in detail the vortex and wake structure associated with frequency ratio 2 γ = . Distinct from results of Webb et al. [5] , our computed vorticity contours in total 6-8 periods showed a strong periodicity after initial development in the first one and two periods starting from uniform flow field. Therefore, we plotted the typical vortex contours at the time instant with the maximum nose-up pitching angle in . Although the wake structure remains the classic feature of thrust producing of reversed Karman-vortex-street, the extent of appearance with multiple vortices strongly affects the thrust force as will be discussed later. 
) is used here to summarize the data for different combination of plunging amplitude and reduced frequency. Fig.8 (b) . The propulsion coefficient at 2 γ = is generally less than that of 1 γ = , as displayed in Fig.8(d) .
CONCLUSIONS
We studied computationally the flow field arising from an oscillating plunging/pitching hydrofoil with unequal frequency. The vortex, wake structure and force generated are compared for frequency ratio 2 = , reversed Karman-vortex-street structure is enhanced with pitching frequency being twice of plunging leading to the increased thrust coefficient compared to equal frequency. However, with multiple small and weak clockwise circulation vortices formed in the top row along with the counter clockwise rotating vortices yielding the lessened reversed Karman-vortex-street and hence diminished the thrust coefficient. The present investigation suggested that an unequal plunging/pitching foil is useful for lift augmentation and to some extent for thrust generation especially with low St . 
